We desired to observe the changes of transforming growth factor-b1/drosophila mothers against decapentaplegic protein (TGF-b1/Smad3) signaling pathway in the hippocampus region of cerebral ischemic stroke rats so that the effects of this pathway on nerve cells can be investigated.
Background
Recent epidemiological data suggest that cerebrovascular disease has a higher morbidity and mortality in China [1] . Approximately 1.6 million people in China die from stroke each year and 75% of stroke patients eventually experience hemiparalysis sequels which significantly affect their quality of life [2] . The main causes of ischemic stroke are atherosclerosis and gradual cholesterol deposition, which can narrow major blood vessels in the body [3, 4] . Most effective therapeutic methods of ischemic stroke only can alleviate symptoms and impede the progression of disease. However, damaged necrotic nerve cells resulting from stroke cannot be restored [5] . Therefore, discovering a mechanism that is able to repair ischemic cerebral apoplexy and trigger the regeneration of nerves will have a significant impact on clinical practices.
Transforming growth factor-b (TGF-b) super family is a group of proteins which can regulate cell growth, differentiation, proliferation, and apoptosis [6] . TGF-b super family has 3 different subtypes -TGF-b1, TGF-b2, and TGF-b3 -and their cell surfaces are matched with the corresponding TGF-b receptors (TGF-bR I, II, III) [7] . TGF-b1 was first discovered in human platelets; it is a protein precursor containing 390 amino acids, and it becomes a mature peptide of 112 amino acids after proteolysis [8] . Previous studies indicated that TGF-b1 is associated with gene transcription, biological processes, wound healing, scars, and fibrosis in many diseases such as cancer, hypertension, tissue fibrosis, and cardiovascular disease [9, 10] . For instance, Wang et al. indicated that the expression level of TGF-b1 in cerebral apoplexy patient's serum was lower than in the control group, suggesting that TGF-b1 is an important molecule in the process of ischemic stroke [11] . Although TGF-b1 plays a crucial role in regulating important cellular activities, only a few TGF-b1 activating pathways have been researched and the full mechanism of activation pathways is not well understood [12] . TGF-b1/Smads signaling pathway is one of the most important pathway that activates TGF-b1 [13] . Studies have provided evidence that TGF-b1 must connect to its receptor once it is activated and the signal transduction pathway is mediated by the Smads lipocalin family [14] . Hence, it is suspected that the TGF-b1/Smads signaling pathway may have significant impact on other pathways that regulate biological activities [14] .
Smad3 is a subtype of the Smads lipocalin family and it is composed of highly conservative MH1 and MH2, which can directly connect with DNA [15] . The binding sites between Smad3 and DNA contain a sequence of CAGA, which is a common sequence of some promoters [16] . The combination of Smad3 and c-myc promoter GGCGGG sequence may trigger the inhibition of the c-myc transcription of the TGF-b pathway [17] . As a result, Smad3 is essential to immune suppression, which is mediated by TGF-b when transcriptional responses are regulated [18] .
Since various diseases have been linked with TGF-b1/Smad3 signaling pathways, Smad3 was selected in our study in order to observe the changes in the TGF-b1/Smad signaling pathway when an ischemic stroke model was established in rats. The present study may illuminate the mechanism of TGF-b1/ Smad3 signaling pathways in the process of ischemic stroke.
Material and Methods

Animals
Fifty healthy male adult Sprague Dawley (SD) rats, weighing 230-270 g, were purchased from the Huai'an First People's Hospital. Rats were housed withy 4 or 5 in a cage with 12 h light/12 h dark cycle. In addition, rats had ad libitum access to food and water during the treatment period. Fifty SD rats were randomly divided into the normal group (Normal), shamoperation group (Sham), model group (Model), TGF-b1 group (TGF-b1), and TGF-b1 inhibitors group (TGF-b1 inhibitors). Each group contained 10 rats. All procedures in this research were approved by the Animal Care Institute and were in accordance with the guidelines of the First People's Hospital of Changshou City and Huai'an First People's Hospital.
Stroke model establishment
The middle cerebral artery occlusion (MCAO) models were built using the bolt line method according to previous research [19] and this approach resulted in the embolism of offside cerebral artery in SD rats. In brief, all rats were fasted for 12 h before the operation and drinking water was administrated normally. After being placed in supine position and fastened on the operation table, rats were anesthetized by 3.5% chloral hydrate (0.1 ml/kg, intraperitoneal injection), shaved, and swabbed with iodine ethanol. Then the CCA (common carotid artery) was exposed and isolated, and the MCAO model was carried out using an intraluminal thread. A surgical midline incision was made to expose the ICA (internal carotid artery), ECA (external carotid artery), and right CCA. A nylon suture (heparindampened, monofilament, 0.26-mm diameter) was inserted into the right CCA lumen and then was gently injected into the ICA for about 18 mm. Ninety minutes after the injection, nylon sutures were gently removed from the ICA and reperfusion was performed. Finally, we closed the neck incision. An automatic homeothermic blanket control unit was fitted into the rats through surgical procedures in order to monitor and maintain the body temperature of rats at 37°C. Rats with the sham-operation received the same surgical procedures without the insertion of the monofilament nylon suture. Once the 367 cerebral ischemic stroke model was achieved, 50 ul TGF-b1 (0.1 μg/ml) was injected into the hippocampus of rats (TGF-b1 group) whereas 50 ul TGF-b1 inhibitors (0.1 μg/ml) were injected into the hippocampus of rats in the TGF-b1 inhibitors group, according to previous research [20] .
Triphenyltetrazolium chloride (TTC) staining for evaluating cerebral infarction
Rats were anesthetized intraperitoneally with sodium pentobarbital (40 mg/kg), and their brains were removed and frozen at -20°C for 30 min. Tissues of frozen forebrains were dissected and coronal sliced into 2-mm slices in adult rat brain matrix (Kent scientific Corporation) using a rodent brain matrix slicer. These tissue slices were stained with 2% 2,3,7-triphenyltetrazolium chloride (TTC, Sigma, USA) for 20 min in dark conditions at 37°C, then they were soaked and scanned in 4% paraformaldehyde phosphate buffer for 1 h. The degree of cerebral infarction was represented by the ratio between the infarct area and the entire brain area. Unstained (white) area was considered as the infract area whereas normal brain tissues were stained in red. The Image J 1.46R software (NIH, USA) enabled us to assess the cerebral infarction status: infarct area (white)/total area.
Immunohistochemistry
The 50-μm paraffin-embedded tissue sections were obtained by the Leica Vibratome slicing system and they were stained according to the corresponding protocols. Each tissue slice was stored at 4°C for use. H 2 O 2 (3%) was incubated with the sections for 30 min at 25°C to remove the endogenous peroxidase activity. After this, sections were washed by TBS-A and TBS-B for 15 min and 30 min, respectively, to block unspecific bindings. Next, samples were incubated with the corresponding primary anti-TGF-b1 and Smad3 antibody (1:800, Covance, USA) at 4°C overnight. Then, excessive antibodies were washed and the appropriate second antibody was incubated with samples for 1 h at 25°C. After that, slices were incubated with the secondary antibodies labeled by horseradish peroxidase (HRP). Lastly, the avidin-biotin horseradish peroxidase system was used to develop sections with diaminobenzidine (DAB) substrate and images were analyzed by use of ImageJ software.
Cell culture
Murine microglial cell line (BV2) was purchased from the Institute of Biochemistry and Cell Biology (Shanghai). Cells were incubated in Dulbecco's modified Eagle medium (DMEM, Gibco, CA) with the supplement of glutamine (2 mmol/L, Invitrogen), penicillin (200 U/mL, Hyclone), streptomycin (100 μg/mL, Hyclone), and 10% fetal bovine serum at 37°C with 5% CO 2 .
Oxygen-glucose deprivation (OGD)
BV2 cells in the control group were grown in the complete DMEM medium supplemented with 4.5 g/mL glucose in normoxic conditions (21% O 2 and 5% CO 2 ) for 18 h. In the OGD group, BV2 cells were incubated in the DMEM medium without glucose or serum in hypoxia conditions (5% CO 2 and 95% N 2 ) for 4 h followed by incubation under normoxic conditions for 14 h.
Cell transfection
Indicated plasmids were transfected into BV2 cells using Lipofectamine 2000 (Invitrogen). Cells were cultured under the control or OGD condition for 4 h once transfection had been carried out for 24 h. Next, cells were transfected with TGF-b1, TGF-b1 siRNA, Smad3, and Smad3 siRNA using Lipofectamine 2000 (Invitrogen) and were grown in the control or OGD condition as mentioned above. 
Cell apoptosis assay
Apoptosis rates of cell samples were calculated after cells were stained using the Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences) by flow cytometry. Annexin V+ and Prodium Iodide (PI) + cells represented necrosis, Annexin V+ and PIcells represented apoptosis, while Annexin V-and PI-cells represented normal cells.
RNA isolation and real-time polymerase chain reaction (RT-PCR)
TRIzol reagent kit (Invitrogen) was used to extract total RNA from brain tissues according to the protocol. Real-time reverse transcription-polymerase chain reaction (RT-PCR) was performed using ABI7500 quantitative PCR Amplifier (Applied Biosystems). The primers of TGF-b1 and Smad3 were purchased from the Applied Biosystems and the b-actin was used as the internal reference (the primer sequences are listed in Table 1 ). The reaction condition was set at 95°C for 10 min, 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 34 s. The expression levels of target genes were normalized to those of the control gene and were calculated using the method of 2 
Western blot
Tissues and cells were harvested and lysed by radio immunoprecipitation assay (RIPA) buffer. Total protein was separated and calculated in line with the Bradford method [21] . After this, the total protein was denatured in boiling water, separated through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were washed in Tris-Buffered Saline Tween (TBST) with 5% skim milk for 1 h and were then treated with primary antibodies against TGF-b1, Smad3, Bcl-2 (1:500, 1:200, 1:500, respectively, Zhongshan Biology Company, Beijing) at 4°C overnight. After being washed, the membranes were treated with the secondary antibodies (horseradish peroxidase-conjugated goat anti-goat, 1:2000 dilution, Zhongshan Biology Company, Beijing). Samples in which b-actin was set as the endogenous control were processed with enhanced chemiluminescence and quantified by software (Lab Works4.5, Mitov Software).
Statistical analysis
All statistical analyses were performed with SPSS 18.0 software (Chicago, IL, USA). Data are shown in the form of mean ± standard deviation (SD). The 2-tailed t test or 1-way analysis Table 1 . Primer sequences of TGF-b1, Smad3 and b-actin for RT-PCR.
RT-PCR -real time-polymerase chain reaction; TGF-b1 -transforming growth factor-b1; Smad3 -drosophila mothers against decapentaplegic protein 3. 
Results
Results of TTC staining
The infarction volume in model rats was measured using TTC staining. As shown in Figure 1 , normal tissues were stained in red, while infarction area was stained in white. No infarction area was identified in the normal and sham group, while the model group had significantly higher rate of infarction compared to the normal and sham group (P<0.05). In addition, the TGF-b1 inhibitors group had a higher rate of infarction compared to the model group, while treatment of TGF-b1 decreased the infarction area compared with the model and TGF-b1 inhibitors group (all P<0.05).
The expression of TGF-b1 and Smad3 in hippocampus
As shown in Figures 2 and 3 , TGF-b1 and Smad3 were stained in brown. The proportion of positive area in the model and TGF-b1 group was remarkably higher than that in the normal and sham group, while the positive area in the TGF-b1 inhibitors group was obviously lower than those in the model and TGF-b1 group.
The results of immunohistochemistry were confirmed by the Western blot analysis. As shown in Figure 4 , no significant difference in the expressions of TGF-b1 and Smad3 protein was identified between the normal and sham group (P>0.05). Compared with the normal and sham group, the expressions of TGF-b1 and Smad3 were significantly up-regulated in model rats (P<0.05). Treatment of TGF-b1 further increased the expressions of TGF-b1 and Smad3, whereas the TGF-b1 inhibitors group exhibited lower expressions of TGF-b1 and Smad3 than those of the model and TGF-b1 group (all P<0.05).
In addition, we calculated the mRNA expressions of TGF-b1 and Smad3 using RT-PCR, and the corresponding results were consistent with those obtained by immunohistochemistry. As shown in Figure 5 , no significant difference was found between the normal and sham group (P>0.05). The expression of TGF-b1 and Smad3 mRNA were increased significantly in the model group and the increase appeared to be more significant in the TGF-b1 group (all P<0.05). Lastly, the TGF-b1 inhibitors group exhibited remarkably lower mRNA expression of TGF-b1 and Smad3 compared to the model and TGF-b1 group (all P<0.05).
The expression of TGF-b1 and Smad3 in cells
For the expression of TGF-b1 in BV2 cells, the OGD group had a significantly higher level than the control group, and the TGF-b1 group had even higher expression of TGF-b1 than the OGD group (P<0.05, Figure 6A , 6B). Transfection of TGF-b1 siR-NA down-regulated the TGF-b1 expression (P<0.05), while transfection of smad3 and smad3 siRNA had no significant effects on the TGF-b1 expression (P>0.05, Figure 6A , 6B).
For the expression of Smad3, the OGD group had significantly higher level of Smad3 than the control group, and transfection of TGF-b1 or Smad3 further up-regulated the Smad3 expression (P<0.05, Figure 6A , 6C). In addition, the TGF-b1 siRNA and Smad3 siRNA group displayed lower Smad3 expression than the OGD, TGF-b1, and Smad3 group (P<0.05, Figure 6A , 6C).
Effects of TGF-b1/Smad3 signal pathway on the apoptosis of BV2 cells
The results of annexin V-FITC/PI staining show the apoptosis status of BV2 cells ( Figure 7) . Cells in the control group had a lower rate of apoptosis, whereas the OGD group had a significantly higher apoptosis rate than the control group (P<0.05). Groups of TGF-b1 siRNA and Smad3 siRNA had the highest apoptosis rates, while the transfection of TGF-b1 or Smad3 decreased the apoptosis rate of cells compared to the OGD, TGF-b1 siRNA, and Smad3 siRNA group (all P<0.05).
Effects of TGF-b1/Smad3 signal pathway on the expression of Bcl-2
We further detected the expression of Bcl-2 which is an apoptosis inhibitor. For the Bcl-2 expression in BV2 cells, the OGD group exhibited significantly lower Bcl-2 level than the control group, and this trend seemed to be more significant in the TGF-b1 siRNA and Smad3 siRNA group. By contrast, the TGF-b1 and Smad3 group exhibited remarkably higher Bcl-2 expression compared to the OGD group (all P<0.05, Figure 8A , 8B).
The expression of Bcl-2 in model rats had a similar trend to the results in vitro. No significant difference was identified between the normal and sham group (P>0.05). The model group had significantly lower Bcl-2 expression than the normal and sham group (P<0.05, Figure 8C , 8D). The TGF-b1 group had significantly higher Bcl-2 expression compared with the model group whereas the opposite trend was observed in the TGF-b1 inhibitors group (all P<0.05, Figure 8C , 8D).
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Discussion
Ischemic stroke is one of the leading causes of severe disability and death in developed countries [22] . The major determinate of pathogenesis of tissue damage in ischemic stroke is cerebral ischemia, which is caused by an acute blockage of the arterial blood flow in brain tissues [23] . As suggested by pathophysiology studies on cerebral ischemia, inflammatory factors are the major causes for neuronal apoptosis [24] . In the present study, we found that the expressions of TGF-b1 and Smad3 were up-regulated in both ischemic cerebral tissues of MCAO rats and OGD-induced BV2 cells, whereas the Bcl-2 expression was down-regulated. Our data indicate that the TGF-b1/Smad3/Bcl-2 pathway, which is another significant 
cell apoptosis pathway, is involved in the pathological mechanisms of cerebral ischemia stroke.
Members of the TGF family are significant modulators of cell growth, migration, differentiation, and apoptosis, all of which are involved in tissue homeostasis [25] . Among the TGF family members, TGF-b1 is a multifold cytokine influencing various aspects, such as matrix metalloproteinases, integrity of bloodbrain barrier and ischemia stroke. Hu et al. found that TGF-b1 can inhibit the expressions of proteinases degrading matrix, such as matrix metalloproteinases [26] . Ronaldson et al. proved that exogenous TGF-b1 can preserve the integrity of the bloodbrain barrier under the state of inflammatory pain [27] . In addition, TGF-b1 also has been shown to prevent hippocampal neurons from manifold damages, including neurotoxins, as well as excitotoxic and hypoxia/ischemia damage [28] [29] [30] . A recent report demonstrated that TGF-b1 increased neurogenesis both in the hippocampal dentate gyrus of adrenalectomized rats and in neural stem cells cultures [31] [32] [33] . Increased expression of TGF-b1 has been reported in different models of brain ischemia experiments [34, 35] . Our findings revealed that the transfection of TGF-b1 promoted the expressions of TGF-b1 and Smad3, playing a protective role in ischemic stroke, and this protective role was illustrated by reduced infarct size. On the other hand, the transfection of TGF-b1 inhibitor exhibited the opposite trends. Moreover, the transfection of TGF-b1 and TGF-b1 siRNA in OGD-induced BV2 cells had the same results. Our results are consistent with the results provided by Dobolyi et al., who also suggested that TGF-b1 had a significant role in protecting hippocampal neurons from cerebral ischemia [36] .
Smad3, the main molecule located in the downstream of the TGF-b1 signaling pathway, regulates the transcription of specific target genes [37] . Smad3 is diametrically phosphorylated by the activated type I receptors, which allows the combination of common mediator Smads and stimulates their migrations to the nucleus, where they can supply both transcriptional co-sensitizers and co-inhibitors [37] . Some recent studies showed that p-Smad3 levels were negatively correlated with apoptosis in the ischemic region, indicating that Smad3 may regulate the neuroprotective effects of TGF-b1 [20, 38] . Our data demonstrated that the transfection of Smad3 promoted the expression of Smad3, while the transfection of Smad3 siRNA had an opposite effect on OGD-induced BV2 cells. Moreover, the transfection of Smad3 and Smad3 siR-NA had no significant effect on TGF-b1 expression in OGDinduced BV2 cells, suggesting that Smad3 may be the downstream molecule of TGF-b1.
Some recent studies showed that Smad3 protein is associated with the signal transduction of TGF-b1 in animals and humans, and the TGF-b1/Smad3 signaling pathway is closely correlated with extracellular matrix deposition and cell apoptosis [39, 40] . Kouroumichakis exerts a renoprotective effect at the cellular and molecular level by inhibiting PAI-1 and TGF-b1 in the renal cortex, contributing to fewer extracellular matrix deposits [41] . Li et al. also found that fenofibrate ameliorated diabetic renal damage by suppressing the TGF-b1/Smad3 and NF-kB signaling pathways, which further inhibits fibrosis and inflammation [42] . Annexin V-FITC/PI staining in OGD-induced BV2 cells enabled us to discover that OGD induced cell apoptosis, while the transfection of TGF-b1 or Smad3 decreased the apoptosis rate of cells. The present study demonstrates that the TGF-b1/Smad3 pathway may exert a protective effect on ischemic stroke and this protective effect was characterized by reduced apoptosis rates.
Bcl-2, an anti-apoptosis gene, can enhance cell survival by blocking apoptosis induced by various conditions, including growth factor withdrawal, gamma radiation, and chemotherapeutic medications [25] . Gao et al. demonstrated that the expression of Bcl-2 is decreased in vulnerable neurons of rats after ischemia or fluid percussion damage, suggesting that neuronal apoptosis may be related to the inhibited expression of Bcl-2 protein [43] . Ma et al. suggested that the increased expression of athanogene 3 (BAG3) induced by the up-regulation of Bcl-2 in an in vitro model of anoxia/reoxygenation injury presented protective effects [44] . These studies provide convincing evidence that Bcl-2 expression is a crucial factor for cell apoptosis and neurological phenotype in various types of brain injuries. In our study, we found that the expression of Bcl-2 was up-regulated in the TGF-b1 group of MCAO rats and in the TGF-b1 or Smad3 group of OGD-induced BV2 cells, while the expression of Bcl-2 was down-regulated in the TGF-b1 inhibitors group of MCAO rats and TGF-b1 siRNA or Smad3 siR-NA group of OGD-induced BV2 cells. Our results suggest that the protective effect on the lesion process of ischemic stroke contributed by the TGF-b1/Smad3 pathway might be related to the activation of its downstream signaling pathway, which is triggered by the up-regulation of Bcl-2.
Nevertheless, we were unable to demonstrate how the downstream signaling pathway contained in the TGF-b1/Smad3 pathway affected the development of ischemic stroke, and this limitation should be addressed by future research.
Conclusions
Our study indicates that the TGF-b1/Smad3 signaling pathway is up-regulated after cerebral ischemic stroke, and the TGF-b1/Smad3 signaling pathway could play a protective role in ischemic stroke since it may elevate Bcl-2 to activate the corresponding downstream signaling pathways. These protective effects were characterized by decrease in infarct size and apoptosis rate of neurons.
